We describe the design and operation of a circuit to combine the output signals of two high-power radio transmitters into a single load. A working unit is realized using a commonly available ferrite and cheap coaxial cables. Performance tests indicate satisfactory operation from 3 to 50 MHz with less than 1 dB total power loss while guaranteeing adequate isolation between the transmitters. The power combiner can also be constructed specifically to withstand high line voltages for short time periods thus making it suitable for high-power pulsed applications such as plasma formation and heating.
I. INTRODUCTION
A power combiner is a broadband four-port device that combines the output signals of two transmitters into two loads. When the transmitter signals are cophased (have the same amplitude and phase) at the input ports of the combiner, all their power appears at one output port to which the main load is connected and none at the second output port to'which a dummy or reject load has to be connected. The combiner has the important property that its input impedance is equal to the characteristic impedance of the system under all conditions. Correspondingly, the input ports do not cross talk and the transmitters are fully isolated from each other. The power combiner finds application in plasma formation and heating experiments where a set of transmitters are combined in pairs by a pyramid of combiners into a single antenna and in broadcast applications where two identical transmitters are required to feed a single aerial.
Commercial power combiners are expensive and the operating principle of a workable device for high powers is not widely known. In this paper we publish a solution to the high-power combiner problem which requires minimal labor and material costs. We also discuss the theory of the combiner so that the user can make modifications to suit his own application.
II. OPERATING PRINCIPLE
The basic circuit of a small signal, "hybrid" combiner is shown in Fig. 1 . In practice, the windings are made trifilar and wound on a toroidal ferrite core so that the response of the device is determined by transformer effects at low frequencies and transmission line effects at high frequencies.* Simple circuit theory shows that the output signals Vc, and Ve, are related to the inputs V1 and V, by
2 .
Provided the reactance of the core is much larger than the terminating impedance R, the input impedance at each input port is equal to 2R. It is clear that for cophased inputs all the signal appears at Vo, and none at V,,. The main load is therefore connected at the Vol port and the reject load at the Vo, port. For equal output terminating impedances, no signal appears at an unused input port when the other is excited. The role of the reject load is therefore to guarantee isolation between the two sources. This simple circuit is useful without further modification for small signal applications where power transfer efficiency and component heating are unimportant. If this small signal hybrid is intended to operate in a system where source and load have the same characteristic impedance Zo, then the input can be most simply terminated in 2, by inserting either a resistor of value 2, across each output or a resistor of value 2Zo across each input. A problem encountered in adapting the circuit of Fig. 1 to high powers therefore is that a pair of 1:2 impedance transformers or baluns are required. A second problem is that, as the size and number of ferrite cores and windings are increased to avoid component heating at high power, finite wavelength effects begin to, limit performance. This is not modeled by the circuit theory leading to Eqs. ( 1) .
To understand the origin of this finite wavelength limitation we constructed the circuit of Fig. 2 . This is the same device as in Fig 
where the quantity Z. is the characteristic impedance and j3 the phase constant of the coaxial cable. The other symbols are defined in Fig. 2 . Because Z, is finite, currents I:, and I4 flow on the outside of the coax braids and set a limit to low-frequency operation. As noted above, correct termination at the inputs requires that R = Z,J2 = 25 Cl. In Fig.  3 (b) are shown as a function of frequency the ratios P',,/ V, and Vo2/V, for cophased inputs VI and V,. Also shown is V2/ VI, where V2 is the signal appearing at input port 2 terminated in 50 Cl when port 1 is excited by signal VI. In Figs The agreement between theory and experiment is quite satisfactory but the combiner performance is poor. The problem with the basic combiner of Fig. ,2 is that although the input signals are added to give Vo, after undergoing identical propagation phase delays along each coaxial cable, they are subtracted after different delays to yield V,,. It is clear that this will adversely affect electrical performance at high frequency. The solution to this problem is to reinvent the combiner of Fig. 2 so that it adds and subtracts Vi and V2 with equal phase delays. The solution we adopt is that of Guanella2 in which transmission lines are connected in a parallel arrangement so that in-phase voltages are summed at all circuit nodes.
III. THE HIGH-POWER COMBINER
In Fig. 4 we show the complete circuit of the power combiner. All cable runs 1-12 are wound on separate cores. In Fig. 4(b) is the combiner stage of the device (lines 7-10) which consists of four equal length transmis- sion lines. For a 50 fl system the characteristic impedance of these lines is also 50 fi so that each parallel pair has an impedance of 100 Sz in push-pull. The output lines 11-12 in Fig. 4 (c) are 1: 1 baluns consisting of 50 0 lines which convert the push-pull signals back to single ended. It is clear that the input signals are added at the Vol port and subtracted at the Vo2 port with equal phase delays as required. For cophased inputs, all the input power is transferred to the Vol port to which the main 50 Cl load is connected. The reject load is connected at port Vo2. The combiner stage requires a pushLpul1 or symmetric version of the input signals. We therefore require a 1:2 balun with single ended input and push-pull output. Although there are many designs of I:2 baluns that are used as impedance transformers,3 a version has to be chosen which does not suffer from the same phase delay problems as the small signal hybrid of Fig. 2 .
In Fig. 4(a) , lines l-3 (and 4-6) is shown a 1:2 balun satisfying these requirements. The impedance ratio of this balun is in fact 4:9 and is a member of a general class of devices whose properties are summarized in Table I . To the best of the authors' knowledge, this class of devices is not well known except for the N= 1 and N=2 cases. The baluns in Fig. 4(a) correspond to the case with N=3. From Table I , the impedance of the transmission lines of the 1:2 balun is therefore about 67 0 for a 50 R system. A version of the device of Fig. 4 has been constructed to combine a pair of 4-26 MHz tunable broadcast transmitters rated at 30 kW PEP into the tuning circuit of an antenna used for pulsed plasma formation and heating. The input baluns of Fig. 4(a) were constructed by winding four turns of four RG-58 inner conductors on each of three separate cores. The cores each consisted of a stack of two AMIDON FT-240-43 nickel-zinc ferrite toroids. Bach of the four RG-58 inner conductors were cross connected to give an impedance of -70 a on each of the lines, l-6. The combiner of Fig. 4(b) , lines 7-10, was constructed using four similar cores each with four turns of 50 fi coaxial cable RG-213. The V,, cable of line 12 also consisted of four turns of RG-213 wound on a similar core. The output Vc, of line 11 was made using semirigid 50 0 coaxial cable RG-231 wound into a large air-core coil of ten turns.
IV. TEST RESULTS
In Fig. 5 are shown test measurements of input VSWR, V&V,,, V,/V,, and total power loss in dB (including both reflection and insertion losses). The overall performance is comparable to similar commercial devices. The large power loss of about 1 dB, however, compared with an insertion loss of typically 0.2 dB for a commercial device is attributed mainly to the input 1:2 baluns which have not been optimized. The subject of insertion loss in transmission line transformers is dealt with by Sevick.3 The present device could be operated at about 5% duty cycle for 30 kW output power with adequate isolation of the transmitters.
The ferrites in the cores of lines 2 and 5 of the input 1~2 baluns undergo the most heating because they have the largest voltage drops across them. From the results of Fig.  5 , however, it is clear that the number of ferrites and windings can still be increased to meet higher power and duty cycle requirements without sacrificing the frequency response. Forced cooling may also be introduced for cw applications. A second version of the device also tested successfully in which the coils of all coaxial cables were wound on air-core formers eliminating the need for ferrites. In this case two requirements had to be satisfied. First, the coil lengths had to be chosen long enough to give acceptable coil reactances at low frequencies or otherwise the electrical performance would be affected. On the othe.r hand, quarter-wave dipole resonances at high frequenciels were observed to occur as a result of standing waves on the outsides of driven return conductors. These resonances degrade the input impedance and power transfer efficiency of the combiner and set an upper frequency limit to acceptable operation. The inclusion of ferrites significantly improves this situation because the cable lengths required to produce a large reactance at low frequencies are significantly reduced. Lowering the cable length also lowers the insertion loss.
V. DISCUSSKIN We have described the design and operation of a simple and cheap radio frequency power combiner. The ideas used in this article can be adapted to suit either pulsed or cw applications over a wide range of frequencies.
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